Objective: In children with coeliac disease, the ingestion of gluten causes small intestinal inflammation and a clinical picture of malabsorption, weight reduction and short stature. Decreased alkaline phosphatase (ALP) during gluten challenge was found in a previous study. ALP is a marker of bone formation and ALP activities are correlated with growth velocity. The aim of this study was to characterise the previously observed decrease of total ALP by investigating three specific bone ALP isoforms (bone/intestinal, B1 and B2) and three specific liver ALP isoforms (L1, L2 and L3) and, moreover, to correlate these ALP isoforms with other growth factors and growth markers. In addition, we also studied the association with possible weight changes, small intestinal mucosa inflammation, sex, age and gluten dose during gluten challenge. Materials and methods: Bone and liver ALP isoforms, IGF-I, IGF-binding protein (IGFBP)-3 and serum cross-linked carboxy-terminal telopeptide of type I collagen (ICTP) were measured together with change in weight and small intestinal mucosa histopathology in 54 children with earlier enteropathy who participated in a 4-week gluten challenge. Results: We observed a decreased total ALP activity after 4 weeks of gluten challenge, 7X8^1X8 to 6X5^1X7 mkatal means^S.D.), which was mainly due to a reduction of the bone ALP isoforms. The sum of all three bone ALP isoforms decreased from 6X3^1X7 to 5X1^1X6 mkatalX The decreased activities of the bone ALP isoforms correlated with the observed reductions of IGF-I r 0X74Y P , 0X001Y IGFBP-3 r 0X51Y P , 0X001 and ICTP r 0X57Y P , 0X001X The decrease of the growth factors and growth markers correlated with weight reduction, but when influences from the change in weight were adjusted for, the partial correlation of the small intestinal mucosa inflammation was significant for IGF-I r 20X56Y P , 0X001 and IGFBP-3 r 20X55Y P , 0X001X Conclusion: The decrease of total ALP was due to a reduction of bone ALP. The decrease of IGF-I and IGFBP-3 was independently correlated with weight change and small intestinal inflammation.
Introduction
In coeliac disease, a prevalent chronic disease in childhood, ingestion of gluten causes an inflammation in the small intestinal mucosa. Gastrointestinal symptoms are common, and poor weight gain or weight loss is often the main manifestation, at least in younger children (1) ; in addition, linear growth may also be hampered (2) . The presenting symptoms are related to the amount of gluten consumed and the age of the patient (1) .
Stunting, i.e. decreased growth velocity leading to short stature, has often been considered a consequence of gluten-induced chronic malnutrition starting with weight reduction. However, stunting has been reported to be the sole manifestation of coeliac disease (3) . Mechanisms other than malabsorption have to be considered to explain such a manifestation of the disease.
In a previous study of gluten challenge in children with coeliac disease, we observed a decreased total alkaline phosphatase (ALP) activity (4) . Total ALP activity in serum is mainly of skeletal origin in children and adolescents, and bone ALP is considered to be a marker of growth as well as a marker of bone formation. Bone ALP activity is particularly high during the pubertal growth spurt. In this study we have used a previously described weak anion-exchange HPLC method which can resolve six different ALP isoforms in serum from healthy individuals: bone/ intestinal (B/I), a minor fraction composed of bone and intestinal ALP; two major bone ALP isoforms (B1 and B2); and three liver ALP isoforms (L1, L2 and L3) (5, 6) . The major bone ALP isoforms, B1 and B2, differ due to variations in glycosylation patterns (7) . Decreased levels of insulin-like growth factor (IGF)-I and IGFbinding protein (IGFBP)-3 have been reported in previous studies of coeliac disease (8, 9 ). An altered growth hormone (GH)/IGF-I axis may be induced by malnutrition and can theoretically also be the result of direct interference of the GH-signalling pathway or of impaired liver function with low synthesis of IGF-I. Several studies have shown the liver to be involved in coeliac disease, with increase of serum levels of alanine and aspartate aminotransferases (ALAT and ASAT), even in the absence of malabsorption (10, 11) .
Growth impairment and short stature are common manifestations of intestinal inflammatory disorders such as Crohn's disease (12) , as well as of other inflammatory conditions such as juvenile chronic arthritis (13) . Inflammation also leads to decreased bone mineral density (BMD), another reported consequence of coeliac disease (14) . Whether the reduction of IGF-I and IGFBP-3 in the studies of coeliac disease mentioned above (8, 9) was a consequence of the inflammation or secondary to the malabsorption with weight loss was not established (15) . IGF-I and IGFBP-3 are considered as growth factors closely involved in and partly controlling growth plate activity. Serum ALP is considered to be a marker of growth activity, on a secondary level, reflecting growth rate but not influencing it. All three may therefore be suited to assess short-term variations in growth.
The aims of this study were to further investigate the significance of the decrease of ALP during gluten challenge in children with coeliac disease and to characterise the decrease by specific ALP isoforms and explore associated changes in other growth factors and markers and the relationship with weight gain, inflammatory response in the small intestine, sex, age and gluten dose.
Patients and methods
The study cohort comprised 57 children with verified enteropathy who had been on a gluten-free diet for at least 12 months. The 54 children (33 girls and 21 boys) who completed the study had a mean age at challenge of 32^12X3 months mean^S.D.) and a median of 30 months (range 2.0±9.3 years). At the start of the challenge, the average weight was 0X35^1X1 standard deviation scores (SDS) and height was 20X02^1X0 SDS. This cohort consisted of consecutive cases during 1 year at the paediatric departments of the County Hospital of Jo Ènko Èping and Queen Silvia Children's Hospital of Go Èteborg, both situated in south-western Sweden. Gluten challenge was performed as part of the routine clinical investigation of suspected coeliac disease according to ESPGHAN (European Society of Paediatric Gastroenterology, Hepatology and Nutrition) criteria (16) . Three patients were excluded from the study. Two of them were excluded due to failure of compliance. They had severe early symptoms and discontinued gluten consumption within the first week without an immediate small intestinal biopsy. One patient was excluded as she had been considered after the initial 4 weeks to show relapse, which at the final evaluation could not be confirmed. Of the 54 patients, 51 had biopsy-proven mucosal relapse of coeliac disease within 4 weeks, and three patients needed a total of 8 weeks before relapse.
During challenge the mean enteropathy score (ES, see below for scoring method) increased from 4X6^0X8 to 12X4^2X9X The mean change (D) of weight was 20X21^0X25 SDS. The median weight reduction was 110 g, compared with an expected weight increase of approximately 250 g. To compensate for this, and weight variations due to age and sex, all weights were transformed to SDS (17) .
Study protocol
The gluten challenge started after confirmation of a normal or near-normal mucosa on small intestinal biopsy. The children were randomised to either 0.2 or 0.5 g gluten/kg body weight per day, added to their otherwise gluten-free diet. The challenge was planned for 4 weeks. To facilitate compliance, a paediatric dietician provided a list of commodities and recipes. The protocol included daily registration of the exact gluten intake and weekly interviews with registration of symptoms. Blood was sampled at the start and after 4 weeks. Weight was measured at the same time of day, preceded by 4 h of fasting and transformed to SDS calculated from a reference population.
The small intestinal biopsy was repeated after 4 weeks. Those who had not relapsed by then continued for another 4 weeks with a gluten dose of 0.5 g/kg per day. The second 4 week challenge period was followed by a third small intestinal biopsy.
Mucosal evaluation
A preliminary evaluation was done immediately after the biopsy. Upon completion of the study, an experienced pathologist evaluated the mucosal specimens serially and on the same occasion. In the histopathological evaluation, four morphological characteristics of small intestinal mucosa inflammation were scored quantitatively or semiquantitatively on a scale of 1 to 4, namely: villous-to-crypt ratio, number of intra-epithelial lymphocytes, degree of surface epithelium damage and degree of inflammatory infiltrate in the mucosa. The sum of these four scores has been termed the ES in this study. An ES of 4 represents a normal mucosa and 16 a maximum level of intestinal changes.
Biochemical determinations
IGF-I Serum concentrations of IGF-I were measured by an IGFBP-blocked RIA without extraction and in the presence of an approximately 250-fold excess of IGF-II (Mediagnost GmbH, Tu È bingen, Germany). The intraassay coefficient of variation (CV) values were 8.1, 4.4 and 4.5% at concentrations of 55, 219 and 479 mg/l respectively (18).
IGFBP-3
The serum IGFBP-3 was determined by a previously reported RIA (18) . The intra-assay CV values were 6.2, 5.6 and 4.6% at concentrations of 1964, 2927 and 4799 mg/l respectively.
As serum concentrations of IGF-I and IGFBP-3 are age-dependent, the values were converted into SDS using prepubertal reference values from our centre (19) .
Serum ALP isoforms
The bone ALP and liver ALP isoforms were determined by a previously described HPLC method (5, 6) . A weak anion-exchange column, SynChropak AP300 (250 mmÂ4.6 mm internal diameter) (MICRA Scientific Inc., Northbrook, IL, USA), was used instead of the originally described SynChropak AX300, optimised for bone ALP isoform analysis (7). Total ALP activity was measured with a routine method (20) . The relationship between the enzyme activity units kat and U is 1/60, i.e. 1.0 mkat/l corresponds to 60 U/l.
Serum cross-linked carboxy-terminal telopeptide of type I collagen (ICTP) Serum ICTP was determined by means of a commercially available RIA kit (Orion Diagnostica, Oulunsalo, Finland). The intra-assay CV values were 6.2 and 2.8% at 3.8 and 40.5 mg/l respectively (21) .
Serum concentrations of ALAT and ASAT recorded at the start and the end of the gluten challenge of this same cohort and used in another study (4) were used for calculation of correlations. The significant increase of ALAT was from 0.32 to 0.51 mkat/l and of ASAT from 0.57 to 0.70 mkat/l. ALAT remained within the reference values except for 6 out of 54 patients.
Definitions
The term`growth factors' is used for IGF-I and IGFBP-3 and the term`growth markers' for total ALP, bone ALP and ICTP. Bone ALP is the sum of the isoforms B/I, B1 and B2 and liver ALP is the sum of the isoforms L1, L2 and L3.
D as a prefix of a test indicates the difference of two values over time, i.e. between the start and end of the gluten challenge.
Statistics
The results are presented as mean with the standard deviation (S.D.) in parenthesis. Changes between the start and the end of the challenge were compared with Wilcoxon's matched pairs test. For examining correlations, Spearman's rank order correlation (r S ) was used. Differences between groups were analysed with the Mann±Whitney U test. Multiple regression analysis was used to determine combined effects of several variables. Adjustments for confounding variables in correlation analyses were done by using Spearman partial correlation coefficient. All statistical tests were two-sided with a minimum level of 0.05 for significance.
Ethics
The study was approved by the ethics committees of the medical faculties of the Universities of Go Èteborg and Linko Èping. Informed consent was obtained from the parents.
Results

D ALP, Dbone ALP and D liver ALP
Serum concentrations of total ALP, bone ALP, the three bone ALP isoforms B/I, B1 and B2 and liver isoforms L2 and L3 decreased significantly during gluten challenge, whereas liver ALP and L1 were unchanged ( Table 1 ). The percentage of bone ALP and liver ALP at the start and at the end of the challenge was the same, 81 and 19% at the start, and 78 and 22% at the end P 0X70X
D IGF-I, DIGFBP-3 and DICTP Serum concentrations of IGF-I, IGFBP-3 and ICTP decreased significantly during gluten challenge (Table 1) .
ALP and correlation with IGF-I, IGFBP-3 and ICTP
There was a correlation between DALP and DIGF-I (r S 0.77, P,0.001), DIGFBP-3 (r S 0.52, P,0.001) and DICTP r S 0X61Y P , 0X001X DBone ALP correlated with DIGF-I r 0X74Y P , 0X001Y DIGFBP-3 r 0X51Y P , 0X001 and DICTP r 0X57Y P , 0X001X The Dbone ALP isoforms B/I, B1 and B2 was correlated with DIGF-I, DIGFBP-3 and DICTP.
IGF-I and IGFBP-3 and liver enzymes
There was no statistical correlation between DIGF-I SDS and DASAT r S 20X26Y P 0X06 or DALAT r S 20X25Y P 0X07Y or for DIGFBP-3 SDS and DASAT r S 20X27Y P 0X055 and for DALAT r S 20X20Y P 0X14X
Growth factors, growth markers and their relationship with change in weight and enteropathy
There was a significant correlation between weight loss and ES and the growth factors and all growth markers except ICTP (Table 2 ). There was no difference in Dgrowth factors or Dgrowth markers with respect to age, gluten dose or sex (data not shown). The DIGF-I and DIGFBP-3 within four groups with various degrees of DES are shown in Fig. 1 .
Combined influences on growth factors and growth markers
The combined contribution of Dweight SDS, DES, age at challenge, gluten amount and sex to the Dgrowth factors and Dgrowth markers during gluten challenge was evaluated in multiple regression (Table 3) . When combined, in multiple regression, Dweight SDS was significantly correlated with the DALP, Dbone ALP and DICTP while DES, age, sex and dose of gluten were not. Both Dweight SDS and DES were significantly correlated with the DIGF-I and DIGFBP-3. Of the ALP isoforms, DB1, DB2 and DL1 correlated with Dweight DES correlations with DIGF-I and DIGFBP-3, Dbone ALP isoforms and DICTP were evaluated with registration of the partial correlation when adjusted for Dweight SDS. There was a significant partial correlation of DES with DIGF-I, DIGFBP-3 and bone ALP B2 but not with bone ALP, the isoforms B/I, B2 or DICTP (Table 4) .
Discussion
The results demonstrate that decreased activities of all three bone ALP isoforms account for the major part of the previously noted decrease of total ALP during gluten challenge. The liver ALP L2 is reduced but the three liver ALP isoforms combined did not change. Closely correlated with the decrease of ALP and bone ALP isoforms was the decrease of the growth factors IGF-I and IGFBP-3 and of ICTP. We did not find any correlation between the reduction in growth factors or growth markers and increase of ALAT or ASAT. Thus, no indication was found that gluten-induced impaired liver function was the cause of the reduction of growth factors and markers. Both weight loss and increase of mucosal inflammation (but not sex, age or gluten dose) were correlated with the decrease of IGF-I, IGFBP-3, ICTP, ALP and bone ALP isoforms. When influences of weight loss were adjusted for, partial correlation showed the degree of enteropathy to correlate with the decrease of IGF-I, IGFBP-3 and bone ALP isoform B1.
In this study, seven patients had a slight increase of ALP, but still within the normal range for age. Mora et al. (2) reported serum ALP activity above normal for age in 33% of children with active coeliac disease. In adults, an increase in ALP has often been noted during gluten challenge. Bode Â & Gudmand-Hoyer (22) found an increase in ALP in as many as 27% of their patients and considered it a consequence of cholestasis or vitamin D deficiency. In our patients, there was no indication of cholestasis as gluten exposure caused liver ALP isoforms to decrease or remain unchanged (L1). The short time frame of the present study is a possible explanation for the lack of increase of ALP.
In prepubertal children from 1 year of age, the bone ALP contributes some 80% of total ALP (23), whereas in adults it accounts for about 50%. Age-related reference values have been published for children 7±16 years of age (24) . Serum concentration of bone ALP correlates with variations in growth velocity from infancy throughout childhood and puberty (25) . The biological properties of the different bone ALP isoforms are not clear. However, the ALP isoform B1 is more abundant in cortical bone whereas the ALP isoform B2 is dominant in trabecular bone (7) . During gluten challenge the small intestinal inflammation was correlated with the decrease of bone ALP isoform B1 and B2 but when weight reduction was adjusted for, only B1 showed partial correlation with DES.
The impaired growth commonly noted in untreated coeliac disease is generally considered to be due to Table 3 Beta values from multiple regression analysis with the change of growth factors and growth markers as dependent variables and change of weight, ES, gluten amount, age and sex as independent variables. DWeight significantly contributed to the change of all growth factors and growth markers. DES significantly contributed to DIGF-I SDS and DIGFBP-3 SDS. Gluten dose, age and sex had no significant influence upon the change of any of the growth factors or growth markers. P values in parentheses. Total ALP and ALP isoforms are expressed in mkat/l, IGF-I, IGFBP-3 and ICTP in mg/l. (8, 9, 26±29) . Several possible explanations for the reduction of IGF-I and IGFBP-3 are to be considered. The liver is considered the major supplier of circulating IGF-I (30). Despite increasing aminotransferases, there was no correlation between changes in ALAT or ASAT and changes in IGF-I or IGFBP-3 in this study. These results do not indicate impaired liver function to be the cause of IGF-I reduction.
The low IGF-I could be caused by malnutrition, since growth factors are known to be sensitive to nutrition. IGF-I is low in anorexia nervosa and it decreases during severe acute starvation. The reduction is considered not to be apparent until a certain threshold in weight loss of approximately 15% is reached (31) . Interestingly, the average weight loss here was quite moderate, less than 1%. Another cause of the decline in IGF-I could be inflammation. In inflammatory bowel disease, decrease of growth rate has been shown to correlate with disease activity (32) , and somatomedin C, i.e. IGF-I levels were low in active disease (33) . In this study the degree of inflammation was shown to correlate with Dgrowth factors. When the influence of weight reduction was adjusted for, a significant partial correlation was evident between the gluten-induced mucosal inflammation and the changes in growth markers.
ICTP declined in parallel with the bone ALP isoforms and the reduction correlated with weight change but not with the small intestinal inflammation. While ALP is an indicator of bone formation, ICTP should be interpreted as a marker of type I collagen degradation. The positive correlation between ALP and ICTP was to be expected, since bone formation and resorption are usually highly proportional. Serum levels of ICTP correlate well with histomorphometric indices of bone resorption from iliac crest biopsies in disorders with high and low bone turnover (34, 35) .
In this paper, we report the influence of gluten challenge in a standardised manner upon growth markers and growth factors and relate the results to both weight reduction and mucosal atrophy. Gluten challenge induces a significant reduction in bone ALP isoforms, IGF-I, IGFBP-3 and ICTP. The decrease of ALP, bone ALP isoforms B/I and B2 and ICTP was correlated with weight reduction and eventually malnutrition is the cause of decreased bone turnover and reduced BMD. The decline in IGF-I and IGFBP-3 during gluten challenge can be separated from influences of weight reduction and can be related to the degree of small intestinal mucosa inflammation. This could be one explanation for the clinical finding of stunted growth in children with coeliac disease without clinical signs of malabsorption.
One possible mechanism behind a reduction of growth markers and growth factors, not studied here, is impaired GH secretion. There is a well-known relationship between GH secretion and levels of IGF-I and IGFBP-3 (36) . Several publications report decreased GH secretion upon stimulation tests (37, 38) , although other studies have failed to demonstrate such changes (3, 39) . Decreased GH secretion, insufficient IGF-I synthesis by the liver, increased elimination or impaired peripheral tissue utilisation of one of these growth factors would result in diminished activity of the growth plate. In children all or part of the decrease of ALP could be secondary to diminished activity of the growth plate with subsequent reduction of linear growth. Further studies are needed to elucidate whether the decrease of IGF-I and IGFBP-3 is due to changes in GH or to a more direct influence on IGF-I and IGFBP-3.
